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Introduction {#sec001}
============

Maintenance of homeostasis is based on ingestion and metabolism of water and nutrients in a manner that reflects the internal needs of the animal, but the precise regulatory mechanisms are incompletely understood \[[@pgen.1007618.ref001]\]. Despite the strong evolutionary conservation of the main pathways underlying energy homeostasis \[[@pgen.1007618.ref002]--[@pgen.1007618.ref005]\], there is a considerable diversity in the strategies involved in the maintenance of water balance \[[@pgen.1007618.ref006], [@pgen.1007618.ref007]\]. In insects, this variability arises mainly from the diversity of their habitats and life history strategies. For example, some blood-sucking insects are able to ingest a blood meal that exceeds their body volume up to twelve-fold; their feeding is hence coupled to massive post-prandial diuresis of the excessive water and ions \[[@pgen.1007618.ref008]\]. However, in most of the non-blood sucking terrestrial insects, water conservation is more important than water secretion \[[@pgen.1007618.ref001], [@pgen.1007618.ref009]\]. Studies on water balance in insects have historically focused mainly on the hormonal regulation of water excretion. These studies investigated the correlations between the hormone titers and diuresis, and analyzed the effects of injections or in vitro applications of the tested compounds (reviewed e.g. in \[[@pgen.1007618.ref008]--[@pgen.1007618.ref011]\]). These works contributed to a better understanding of water regulation at the level of fluid secretion by the Malpighian tubules and water reabsorption in the hindgut (reviewed e.g. in \[[@pgen.1007618.ref008]--[@pgen.1007618.ref011]\]). Later, development of genetic tools for *Drosophila* allowed analysis of diuretic hormones by direct genetic manipulations \[[@pgen.1007618.ref012]--[@pgen.1007618.ref014]\]. However, no anti-diuretic hormone has been identified in *Drosophila* until now.

*Drosophila* is under laboratory conditions raised on media that provide both nutrients and water, and flies therefore do not regulate food and water intake independently. Nevertheless, insects, including *Drosophila*, can sense water \[[@pgen.1007618.ref015], [@pgen.1007618.ref016]\] and exhibit hygrotactic behavior \[[@pgen.1007618.ref017], [@pgen.1007618.ref018]\]. If given the opportunity, flies differentiate between food and water sources, and are able to seek and drink free water \[[@pgen.1007618.ref019], [@pgen.1007618.ref020]\], or ingest media rich in water but devoid of nutrients \[[@pgen.1007618.ref021]\]. Recently, a small group of neurons were identified in the *Drosophila* brain that antagonistically regulate thirst and hunger \[[@pgen.1007618.ref022]\]. These neurons sense osmolarity cell-autonomously with the cation channel Nanchung, and internal nutrients indirectly via Adipokinetic hormone signaling \[[@pgen.1007618.ref022]\]. Although several hormones have been shown to regulate feeding and satiety (reviewed in \[[@pgen.1007618.ref023]--[@pgen.1007618.ref027]\]), no endocrine regulator of thirst has been identified in *Drosophila* so far.

The mechanisms that orchestrate water sensing, water-seeking behavior and conservation of water remain unclear. We hypothesized that these processes are likely coordinated by endocrine signaling. Physiological roles of *Drosophila* hormones are mostly well characterized (reviewed e.g. in \[[@pgen.1007618.ref023]\]); one of the few exceptions is Ion transport peptide (ITP), which belongs to the family of crustacean hyperglycemic hormones (CHH) \[[@pgen.1007618.ref028], [@pgen.1007618.ref029]\]. CHHs promote water reuptake and hence, act as an anti-diuretic hormones in crustaceans \[[@pgen.1007618.ref030]\]. The locust homolog of ITP promotes water reabsorption by acting on chloride channels in the hindgut \[[@pgen.1007618.ref031], [@pgen.1007618.ref032]\]. *Drosophila* has a single *ITP* gene that gives rise to an amidated ITP hormone and to two longer forms called ITP-like peptides \[[@pgen.1007618.ref028], [@pgen.1007618.ref029]\]. The functions of *Drosophila ITP* have not been investigated so far, except for a study that has shown a role of *ITP* in modulation of evening activity by the circadian clock circuitry \[[@pgen.1007618.ref033]\]. The findings from the crustacean \[[@pgen.1007618.ref034]\] and locust \[[@pgen.1007618.ref031], [@pgen.1007618.ref032]\] members of the CHH family suggest that *Drosophila ITP* might be involved in the regulation of water balance as well. Here, we tested this hypothesis by investigating the effects of gain- and loss-of-function of *ITP* on key aspects of water homeostasis, such as body water content, desiccation and osmotic stress resistance, food and water intake, and excretion. Our work identified master regulatory roles of *ITP* in water homeostasis of *Drosophila*; *ITP* levels increase under desiccation stress and protect the fly from water loss by increasing thirst, reducing excretion rate, and promoting ingestion of water instead of food. Altogether, our work identifies the first anti-diuretic and drinking-promoting hormone in *Drosophila*, which also coordinates water balance with feeding behavior.

Results {#sec002}
=======

*ITP* codes for an anti-diuretic peptide {#sec003}
----------------------------------------

As the first step towards understanding the potential role of *ITP* in water homeostasis of *Drosophila*, we investigated whether expression of this gene reflects changes in the body water. We exposed standard (*w*^*1118*^) flies to a short-term (6 h) desiccation, which was sufficient to reduce body fluids ([Fig 1A](#pgen.1007618.g001){ref-type="fig"}), and monitored expression of the *ITP* gene (CG13586) by quantitative PCR. Using a primer pair that covers all 5 known transcripts of the gene, we showed that desiccation stress increases expression of the *ITP* gene ([Fig 1B](#pgen.1007618.g001){ref-type="fig"}), suggesting a role of *ITP* in water homeostasis. We confirmed that the transcriptional increase involves also the *RE* transcript ([Fig 1C](#pgen.1007618.g001){ref-type="fig"}), the only transcript that gives rise to ITP (FlyBase FB2017_06), considered to be the only functional peptide produced by the *ITP* gene \[[@pgen.1007618.ref028]\].

![*ITP* regulates water homeostasis.\
(A) Short term (6 h) desiccation stress efficiently reduces body fluids. Two-tailed Student's *t*--test: *P* \< 0.001. (B) Desiccation stress increases expression of the *ITP* gene. A primer pair that detects all 5 isoforms (transcripts *RC*, *RD*, *RE*, *RF* and *RG*, FlyBase FB2017_06) was used. Two-tailed Student's *t*--test: *P* \< 0.05. (C) Desiccation stress increases the abundance of the *RE* transcript. Primer pair that detects solely this isoforms was used. Two-tailed Student's *t*--test: *P* \< 0.05. (D) *Daughterless*-GAL4 driven *ITP* RNAi *(da\>ITPi)* results in developmental lethality. Fischer's exact test: *P* \< 0.001 for comparison with each control. Animals were analyzed in three replicates, Fischer's exact test was done on pooled data. Sample size: *da-GAL4* n = 595; *ITPi* n = 439*; da\>ITPi* n = 566. (E) *Daughterless-GeneSwitch*-driven over-expression of *ITP (daGS\>ITP)* increases the proportion of body fluids. Two-tailed Student's *t*--test: *P* \< 0.001. (F) *daGS* driven *ITPi (daGS\>ITPi)* decreases the proportion of body fluid. Two-tailed Student's *t*--test: *P* \< 0.001. (G) Over-expression of *ITP* decreases desiccation resistance. Log-rank test: *P* \< 0.001. Sample size: *daGS\>ITP* off n = 83; *daGS\>ITP* on = 70. (H) *ITP* RNAi decreases desiccation resistance. Log-rank test: *P* \< 0.001. Sample size: *daGS\>ITPi* off n = 88; *daGS\>ITPi* on n = 89.](pgen.1007618.g001){#pgen.1007618.g001}

It has been shown that an *ITP* mutation is embryonically lethal \[[@pgen.1007618.ref035]\], and RNAi driven by the ubiquitous *daughterless*-GAL4 (*da*-GAL4) also resulted in considerable developmental lethality ([Fig 1D](#pgen.1007618.g001){ref-type="fig"}). Therefore, to investigate the role of *ITP* in water balance, we used the GeneSwitch system \[[@pgen.1007618.ref036], [@pgen.1007618.ref037]\], which allowed circumventing the developmental lethality of *ITP* and studying the gain- and loss-of function of *ITP* specifically during the adult stage. In addition, this system enabled investigation of genetically identical animals, thereby avoiding any confounding effects of genetic backgrounds. The system is switched on by feeding flies the drug RU-486, which in itself does not affect water balance ([S1 Fig](#pgen.1007618.s001){ref-type="supplementary-material"}). The expression pattern of *ITP* is complex and involves several distinct neuron types in the central nervous system and periphery, but the hormone is supposed to be released into the hemolymph \[[@pgen.1007618.ref028], [@pgen.1007618.ref029]\]. Therefore, we used the ubiquitous *daughterless*-GeneSwitch (*daGS*) \[[@pgen.1007618.ref038]\] driver for both RNAi *(ITPi)* and over-expression of *ITP*. The *daGS*-driven over-expression of *ITP* resulted in increased ([Fig 1E](#pgen.1007618.g001){ref-type="fig"}), and RNAi in decreased water content ([Fig 1F](#pgen.1007618.g001){ref-type="fig"}), demonstrating that *ITP* has anti-diuretic function. We reproduced this effect also using an independent RNAi line targeting an alternative part of the *ITP* transcript ([S2 Fig](#pgen.1007618.s002){ref-type="supplementary-material"}), and confirmed that *ITP* has anti-diuretic activity in female flies as well ([S3 Fig](#pgen.1007618.s003){ref-type="supplementary-material"}). However, despite their higher initial water content, animals with increased *ITP* levels were more sensitive to desiccation (Figs [1G](#pgen.1007618.g001){ref-type="fig"} and [S4](#pgen.1007618.s004){ref-type="supplementary-material"}), with their survival reduced by over 30%. Interestingly, animals with reduced *ITP* levels had moderately increased sensitivity to desiccation as well (Figs [1H](#pgen.1007618.g001){ref-type="fig"} and [S4](#pgen.1007618.s004){ref-type="supplementary-material"}), suggesting that survival under arid conditions depends on a tightly regulated expression of *ITP*.

Taken together, these experiments revealed that *ITP* codes for a hormone that is regulated by internal water content and has an anti-diuretic function.

*ITP* is required to cope with desiccation stress {#sec004}
-------------------------------------------------

Next, we asked if *ITP* regulates the response to desiccation, or whether it determines desiccation resistance only by influencing the initial water content prior to the desiccation. The *daGS\>ITPi* manipulations from the experiments described above could not answer these questions, because they resulted in reduced body water already before the onset of desiccation. Thus, we looked for a weaker genetic manipulation of ITP, which would allow testing the desiccation resistance without affecting the initial water content. Using an ITP-specific antibody, we confirmed previous results \[[@pgen.1007618.ref028], [@pgen.1007618.ref029]\] showing that the gene is expressed in the neurosecretory cells of the brain termed ipc-1 and ipc-2, in the interneurons termed ipc-3 and ipc-4, in the abdominal ganglion cells (iag cells), and in the lateral bipolar dendrite neurons (LBD neurons) of abdominal segments A7/A8 (Figs [2A](#pgen.1007618.g002){ref-type="fig"}, [2B](#pgen.1007618.g002){ref-type="fig"} and [S5](#pgen.1007618.s005){ref-type="supplementary-material"}). To achieve a weaker genetic manipulation of ITP, we used the *Impl2-*GAL4 driver, which targets only a subpopulation of the ITP-producing neurons: the neurosecretory neurons in the brain (ipc-1 cells and the ipc-2a cells) and the LBD neurons in the periphery (Figs [2A](#pgen.1007618.g002){ref-type="fig"}, [2B](#pgen.1007618.g002){ref-type="fig"} and [S5](#pgen.1007618.s005){ref-type="supplementary-material"}). To avoid potential developmental effects, we took advantage of the TARGET switch (temporal and regional gene expression targeting, \[[@pgen.1007618.ref039]\]), by which the temperature sensitive *tubGAL80*^*ts*^ allows switching on the RNAi specifically in the adult flies. Although we did not test the RNAi efficiency in a cell-autonomous manner, the *Impl2*-based TARGET effectively decreased the global *ITP* mRNA ([Fig 2C](#pgen.1007618.g002){ref-type="fig"}). Consistently, with targeting only a limited number of ITP-expressing neurons, the effect on the global ITP mRNA was approximately 20% weaker than the effect of the ubiquitous *daGS*-driven *ITPi* ([Fig 2C](#pgen.1007618.g002){ref-type="fig"}). Importantly, the *ITPi* driven by *Impl2*-based TARGET was not sufficient to impair body fluids (Figs [2D](#pgen.1007618.g002){ref-type="fig"} and [S6](#pgen.1007618.s006){ref-type="supplementary-material"}). Thus, this driver allowed us to disentangle the effect of *ITP* on water storage before the onset of desiccation from its role during the desiccation exposure. *ITPi* driven by the *Impl2*-based TARGET resulted in a reduced survival under desiccation (Figs [2E](#pgen.1007618.g002){ref-type="fig"} and [S6](#pgen.1007618.s006){ref-type="supplementary-material"}), suggesting that *ITP* is required to cope with the desiccation stress via an additional mechanism, not only by regulating water storage prior to desiccation. An effect on desiccation survival, similar to *Impl2*-driven *ITPi*, was obtained also by *daGS*-driven *ITPi*, when the system was switched by a low RU-486 dose. This low dose (50 μM) was not sufficient to affect the body water content ([Fig 2F](#pgen.1007618.g002){ref-type="fig"}), but was sufficient to reduce survival upon desiccation stress, although to a lower extent than the standard dose of 200 μM RU-486 ([Fig 2G](#pgen.1007618.g002){ref-type="fig"}) used in the rest of the GeneSwitch-based experiments.

![*ITP* regulates desiccation survival independently of its action on the water storage under ad libitum feeding.\
(A) *Impl2-GAL4* is a suitable driver to target several of the *ITP*-expressing neurons. *Impl2-GAL4*-driven expression of GFP partially overlaps with the ITP immunoreactivity (ITPir); scale bars 50 μm. [Upper panel:]{.ul} brain neurons. Note the ipc-1 and ipc-2a neurosecretory cells are covered by the *Impl2* expression pattern, whereas the rest of the ipc-2 (marked in middle figure) and ipc-3 interneurons (asterisks) are not. [Median panel:]{.ul} neurons in the terminal abdominal ganglia that express ITP do not express of *Impl2\>GFP*. iag = ITPir abdominal ganglia neurons. [Lower panel:]{.ul} peripheral lateral bipolar dendrite (LBD) neurons in the seventh and eighth abdominal segment express both *Impl2\>GFP* and ITP (ant anterior, lat lateral). (B) Summary table listing partially overlapping expression pattern of *Impl2-GAL4* and ITP. (C) *ITPi* driven by both *Impl2*-based TARGET and *da-*GeneSwitch effectively decreases *ITP* mRNA. Two-tailed Student's *t*--test: *P* \< 0.01 for the TARGET manipulations and *P* \< 0.001 for the GeneSwitch manipulation. F1 generation of the cross between the *ITPi* line and *w*^*1118*^ was used as a control (off conditions) for the TARGET-based experiment. (D) *ITPi* driven by the *Impl2*- based TARGET does not affect the proportion of body fluids. Two-tailed Student's *t*--test: *P* \> 0.05 for both comparisons with controls. (E) *ITPi* driven by the *Impl2*-based TARGET reduces survival under desiccation. Log-rank test: *P* \< 0.001 for comparisons with both controls. Sample size: *tub-GAL80*^*ts*^*; Impl2-GAL4* n = 87; *ITPi* n = 83; *tub-GAL80*^*ts*^*; Impl2\>ITPi* n = 49. (F) Mild *ITPi* driven by the *daGS* induced by 50 μM RU-486 does not affect body fluids. Two-tailed Student's *t*--test: *P* \> 0.05 for comparisons with the non-induced conditions. Strong *ITPi* driven by the *daGS* induced by 200 μM RU-486 reduces body water. Two-tailed Student's *t*--test: *P* \< 0.05. (G) Mild *ITPi* driven by the *daGS* induced by 50 μM RU-486 reduces survival under desiccation. Log-rank test: *P* \< 0.05. The detrimental effect of *ITPi* on desiccation resistance is dose-dependent; induction by 50 μM RU-486 has a milder effect than induction by the 200 μM RU-486. Log-rank test: *P* \< 0.01. Sample size: 0 μM RU-486 n = 61; 50 μM RU-486 n = 45; 200 μM RU-486 n = 40.](pgen.1007618.g002){#pgen.1007618.g002}

Thus, *ITP* regulates desiccation survival not only by accumulating proper levels of body water prior to the desiccation challenge, but it is also required to cope with the arid conditions.

*ITP* signaling regulates response to osmotic stress {#sec005}
----------------------------------------------------

Regulation of water balance is important especially under ionic stress. Therefore, we monitored *ITP* expression after feeding on a medium containing 4% NaCl, using a primer pair that covers expression of all 5 known transcripts of the gene ([Fig 3A](#pgen.1007618.g003){ref-type="fig"}), and a primer pair specific for the *ITP-RE* transcript, the only transcript that gives rise to ITP \[[@pgen.1007618.ref028]\]. Osmotic stress indeed increased expression of *ITP-RE* ([Fig 3B](#pgen.1007618.g003){ref-type="fig"}). However, this treatment also reduced the amount of body water ([Fig 3C](#pgen.1007618.g003){ref-type="fig"}) and hence we cannot differentiate whether the increase in *ITP* expression was driven by the changes in the osmolarity or the volume of body fluids. Genetic over-expression of *ITP* decreased survival during osmotic stress ([Fig 3D](#pgen.1007618.g003){ref-type="fig"}), without affecting the osmolarity-induced changes in the body water ([Fig 3E](#pgen.1007618.g003){ref-type="fig"} and [S1 Table](#pgen.1007618.s011){ref-type="supplementary-material"}).

![*ITP* regulates survival under osmotic stress.\
(A) Osmotic stress appears to increase expression of the *ITP* gene. However, when a primer pair that detects all 5 isoforms (transcripts *RC*, *RD*, *RE*, *RF* and *RG*, FlyBase FB2017_06) is used, a clear tendency is observed but the *P* value does not reach statistical significance. Two-tailed Student's *t*--test: *P* \> 0.05. (B) Osmotic stress increases abundance of the *ITP RE* transcript. A primer pair that detects solely this isoform was used. Two-tailed Student's *t*--test: *P* \< 0.05. (C) Osmotic stress decreases body fluid. Two-tailed Student's *t*--test: *P* \< 0.01. (D) Over-expression of *ITP* decreases survival during osmotic stress. Log-rank test: *P* \< 0.001. Sample size: *daGS\>ITP* off n = 66; *daGS\>ITP* on = 66. (E) Over-expression of *ITP* increases body water, but does not affect the osmotic stress-induced loss of body water. Two-way ANOVA, *ITP* over-expression and osmotic treatment as fixed factors. Effect of *ITP*: *P* \< 0.001, effect of osmotic stress: *P* \< 0.001, effect of *ITP* × osmotic stress interaction: *P* \> 0.05. See [S1 Table](#pgen.1007618.s011){ref-type="supplementary-material"} for further details. (F) *daGS*-driven *ITP* RNAi (*ITPi*) decreases resistance to osmotic stress. Log-rank test: *P* \< 0.05. Sample size: *daGS\>ITPi* off n = 66; *daGS\>ITPi* on n = 66. (G) *daGS*-driven *ITPi* decreases water content under standard conditions (two-tailed Student's *t*--test: *P* \< 0.001), and interacts with the effect of osmotic stress. Two-way ANOVA, *ITPi* and osmotic treatment as fixed factors; effect of *ITPi*: *P* \< 0.01, effect of osmotic stress: *P* \< 0.05, effect of the interaction: *P \<* 0.001. See [S2 Table](#pgen.1007618.s012){ref-type="supplementary-material"} for further details. (H) *ITPi* driven by the *Impl2*-based TARGET decreases osmotic stress resistance. Log-rank test: *P* \< 0.01 for each comparison with controls. Sample size: *tub-GAL80*^*ts*^*; Impl2-GAL4* n = 69; *ITPi* n = 66; *tub-GAL80*^*ts*^*; Impl2\>ITPi* n = 75. (I) *ITPi* driven by the *Impl2*-based TARGET does not affect water content under standard conditions (two-tailed Student's *t*--test: *P* \> 0.05 for each comparison with controls), nor interacts with the effect of osmotic stress (two-way ANOVA, *ITPi* and osmotic treatment as fixed factors; effect of the interaction: *P \>* 0.05. See [S3 Table](#pgen.1007618.s013){ref-type="supplementary-material"} for further details. Thus, the *Impl2*-based TARGET enables disentangling the requirement for *ITP* under osmotic stress from its requirement for water preservation.](pgen.1007618.g003){#pgen.1007618.g003}

Similar to *ITP* over-expression, *ITPi* driven by the *daGS* and the *Impl2-GAL4* lines resulted in a weak, but statistically significant reduction of osmotic resistance ([Fig 3F and 3H](#pgen.1007618.g003){ref-type="fig"}), suggesting that both up-and down-regulations of *ITP* impair osmotic tolerance. The *daGS*-driven *ITPi* reduced water levels to an extent comparable to that seen under osmotic stress ([Fig 3G](#pgen.1007618.g003){ref-type="fig"}). Subsequent exposure to osmotic stress did not decrease the body water of the *daGS\>ITPi* flies any further ([Fig 3G](#pgen.1007618.g003){ref-type="fig"} and [S2 Table](#pgen.1007618.s012){ref-type="supplementary-material"}). The weaker *Impl2*-driven *ITPi* neither affected water content nor its reduction by osmotic stress ([Fig 3I](#pgen.1007618.g003){ref-type="fig"} and [S3 Table](#pgen.1007618.s013){ref-type="supplementary-material"}), suggesting that ITP is required to cope with osmotic stress independently of the regulations of water content.

Taken together, we show that survival under osmotic challenge requires tight regulation of *ITP* expression, as both up- and down-regulation of this gene resulted in a reduced survival on a food medium with a high salt content.

*ITP* regulates food intake {#sec006}
---------------------------

Next, we investigated the functional mechanism by which *ITP* regulates water balance. Under standard laboratory conditions, *Drosophila* obtains water from the food. Thus, we first asked whether *ITP* regulates food consumption. We tested whether *ITP* manipulations affect frequency of eating, measured as propensity to start spontaneous feeding. We transferred fed flies to fresh food supplemented with blue dye, which allows monitoring the time when animals initiate feeding ([Fig 4A](#pgen.1007618.g004){ref-type="fig"}). Neither *ITP* over-expression nor *ITP* RNAi affected the propensity of flies to start spontaneous feeding ([Fig 4B and 4C](#pgen.1007618.g004){ref-type="fig"}). Subsequently, we measured the total volume of food consumed ([Fig 4D](#pgen.1007618.g004){ref-type="fig"}), using a modification of the capillary feeding (CAFE) assay \[[@pgen.1007618.ref040], [@pgen.1007618.ref041]\]. This assay revealed that *ITP* is an anorexigenic factor; an increase in *ITP* reduced the volume of consumed food ([Fig 4E](#pgen.1007618.g004){ref-type="fig"}), whereas *ITP* RNAi increased the total food intake (Figs [4F](#pgen.1007618.g004){ref-type="fig"} and [S7](#pgen.1007618.s007){ref-type="supplementary-material"}).

![*ITP* regulates feeding.\
(A) Schematic drawing of the method to measure hunger as propensity to initiate feeding. (B) Over-expression of *ITP* does not affect the propensity to start feeding. Fischer's exact test: *P* \> 0.05 at all tested time points. Animals were analyzed in four replicates, Fischer's exact test was conducted using pooled data. Sample size: *daGS\>ITP* off: n = 100 (1 h), n = 96 (1.5 h), n = 78 (3 h); *daGS\>ITP* on: n = 100 (1 h), n = 86 (1.5 h), n = 76 (3 h). (C) *ITPi* does not affect the propensity to start feeding. Fischer's exact test: *P* \> 0.05 at all tested time points. Animals were analyzed in four replicates, Fischer's exact test was done using pooled data. Sample size: *daGS\>ITPi* off: n = 100 (1 h), n = 100 (1.5 h), n = 87 (3 h); *daGS\>ITPi* on: n = 100 (1 h), n = 100 (1.5 h), n = 85 (3 h). (D) Schematic drawing of the capillary feeding system, which measures the total volume of food eaten during a given period of time. (E) Over-expression of *ITP* decreases food intake. Two-tailed Student's *t*--test: *P* \< 0.01. (F) *ITPi* increases food intake. Two-tailed Student's *t*--test: *P* \< 0.05.](pgen.1007618.g004){#pgen.1007618.g004}

These experiments indicate that ITP is a negative regulator of food intake. Thus, increased water levels in the *daGS\>ITP* and reduced levels in the *daGS\>ITPi* animals suggest that ITP acts downstream of feeding to conserve body water.

*ITP* regulates excretion {#sec007}
-------------------------

The ureter of *Drosophila* feeds into the hindgut, and water that is not re-absorbed by the hindgut epithelium is excreted by the same route as the feces \[[@pgen.1007618.ref009]\]. Thus, we investigated whether the *ITP* manipulations affect excretion. Since our previous experiments ([Fig 4B and 4C](#pgen.1007618.g004){ref-type="fig"}) had shown that genetic manipulations of *ITP* do not affect the propensity to initiate feeding, we monitored the speed of food transit throughout the digestive tract as the time from initiation of feeding until excretion of the blue dye in the feces ([Fig 5A](#pgen.1007618.g005){ref-type="fig"}). We transferred flies on the food with blue dye, and measured the time-dependent increase in the blue-dyed feces. The *ITP* gain-of-function reduced the speed of the food transition throughout the digestive tract ([Fig 5B](#pgen.1007618.g005){ref-type="fig"} and [S4 Table](#pgen.1007618.s014){ref-type="supplementary-material"}), whereas *ITP* RNAi increased it (Figs [5C](#pgen.1007618.g005){ref-type="fig"} and [S8](#pgen.1007618.s008){ref-type="supplementary-material"} and [S5 Table](#pgen.1007618.s015){ref-type="supplementary-material"}).

![*ITP* regulates the pace of transit through the digestive tract and the number of defecation events.\
(A) Schematic drawing of the assay to measure defecation rate. All flies started to feed on the blue-dyed food at the same time, and the numbers of colored feces were counted every hour after the transfer on the blue dye food. (B) Over-expression of *ITP* decreases defecation rate. Two-way ANOVA, *ITP* and time as fixed factors; effect of *ITP P* \< 0.01, effect of time: *P* \< 0.001, effect of the interaction: *P \>* 0.05. See [S4 Table](#pgen.1007618.s014){ref-type="supplementary-material"} for further details. (C) *ITPi* increases defecation rate. Two-way ANOVA, *ITPi* and time as fixed factors; effect of *ITPi P* \< 0.001, effect of time: *P* \< 0.001, effect of the interaction: *P \>* 0.05. See [S5 Table](#pgen.1007618.s015){ref-type="supplementary-material"} for further details. (D) Over-expression of *ITP* decreases defecation events per fly. Two-tailed Student's *t*--test: *P* \< 0.01. (E) *ITPi* increases defecation events per fly. Two-tailed Student's *t*--test: *P* \< 0.05. (F) Over-expression of *ITP* decreases the size of feces. Two-tailed Student's *t*--test: *P* \< 0.05. (G) *ITPi* decreases the size of feces. Two-tailed Student's *t*--test: *P* \< 0.001.](pgen.1007618.g005){#pgen.1007618.g005}

Subsequently, we tested whether *ITP* regulates also the frequency of the defecation events. Thus, we continuously fed flies with the blue-dyed food for two days and observed defecation events under conditions when intake and excretion of the dye were at equilibrium. The frequency of defecation events was decreased by *ITP* over-expression ([Fig 5D](#pgen.1007618.g005){ref-type="fig"}), and increased by *ITPi* ([Fig 5E](#pgen.1007618.g005){ref-type="fig"}). Hence, deficiency for *ITP* leads to a phenotype reminiscent of human diarrhea. The size of individual feces was reduced by both manipulations of *ITP* ([Fig 5F and 5G](#pgen.1007618.g005){ref-type="fig"}). Nevertheless, we were not able to detect significant differences in the color intensity of feces that might be indicative of differences in the water content ([S9 Fig](#pgen.1007618.s009){ref-type="supplementary-material"}).

Altogether, the above experiments indicate that *ITP* regulates the rate of excretion. Deficiency in *ITP* results in a faster transit through the digestive tract and an increased number of defecation events, reminiscent of diarrhea, a common cause of dehydration in humans.

*ITP* regulates thirst {#sec008}
----------------------

Under standard experimental conditions, flies obtain water from their food, and the classical food intake assays do not distinguish between thirst and hunger. To differentiate the role of *ITP* in water versus food intake, we modified a recent method by Lau et al. \[[@pgen.1007618.ref019]\]. We reared flies on a medium poor in water ('dry food'), and provided access to a separate, blue-dyed source of water ([Fig 6A](#pgen.1007618.g006){ref-type="fig"}). Flies with increased *ITP* levels started to drink faster than controls ([Fig 6B](#pgen.1007618.g006){ref-type="fig"}), and vice versa, *ITPi* resulted in a delayed time to the onset of water intake ([Fig 6C](#pgen.1007618.g006){ref-type="fig"}). In order to test whether *ITP* also regulates the total volume of ingested water, we modified the CAFE assay monitors from the food intake experiment ([Fig 4D](#pgen.1007618.g004){ref-type="fig"}); water was provided in microcapillaries in the presence of food poor in water ([Fig 6D](#pgen.1007618.g006){ref-type="fig"}). Consistent with their increased propensity to start drinking, *ITP* over-expressing flies also drank more ([Fig 6E](#pgen.1007618.g006){ref-type="fig"}), whereas *ITPi* flies drank less water than controls (Figs [6F](#pgen.1007618.g006){ref-type="fig"} and [S10](#pgen.1007618.s010){ref-type="supplementary-material"}).

![*ITP* regulates thirst and water intake.\
(A) Schematic drawing of a system to measure thirst as propensity to initiate water intake. (B) Over-expression of *ITP* increases thirst, i.e. reduces the time to start spontaneous drinking. Significant differences are indicated by asterisk symbols. Fischer's exact test: \* *P* \< 0.05; \*\*\* *P* \< 0.001. Animals were analyzed in three replicates. Fischer's exact test was done on pooled data. Sample size: *daGS\>ITP* off: n = 47 (1 h), n = 45 (1.5 h), n = 45 (3 h); *daGS\>ITP* on: n = 46 (1 h), n = 44 (1.5 h), n = 43 (3 h). (C) *ITPi* reduces thirst, i.e. extends the time until flies initiate drinking. Fischer's exact test: \* *P* \< 0.05. Animals were analyzed in three replicates. Fischer's exact test was done using pooled data. Sample size: *daGS\>ITPi* off: n = 48 (1 h), n = 42 (1.5 h), n = 43 (3 h); *daGS\>ITPi* on: n = 48 (1 h), n = 44 (1.5 h), n = 43 (3 h). (D) Schematic drawing of the capillary drinking system, which measures the total volume of water ingested during a given period of time. Panels (E) and (F) show the mean water intake per day of feeding on a water-deprived food. (E) Over-expression of *ITP* increases the amount of ingested water. Two-tailed Student's *t*--test: *P* \< 0.05. (F) *ITPi* decreases the amount of ingested water. Two-tailed Student's *t*--test: *P* \< 0.001.](pgen.1007618.g006){#pgen.1007618.g006}

These experiments revealed that ITP is the first known hormonal regulator of thirst in *Drosophila*.

In summary, in this study we identified ITP as a neuroendocrine factor central to regulation of water homeostasis. *ITP* increases in response to hypovolemia, and triggers drinking, while repressing feeding and water excretion, promoting thus conservation of water resources and protection from dehydration ([Fig 7](#pgen.1007618.g007){ref-type="fig"}).

![Scheme summarizing the roles of *ITP* in *Drosophila*, as revealed by this study.\
*ITP* is a central regulator of water balance. Conditions leading to reduced volume of body fluids result in increased expression of *ITP* gene. *ITP* subsequently promotes water intake, while inhibiting feeding and water loss by excretion, promoting thus the increase in body fluids and restoration of water balance.](pgen.1007618.g007){#pgen.1007618.g007}

Discussion {#sec009}
==========

*ITP* is a functional analog of the vasopressin and renin-angiotensin systems {#sec010}
-----------------------------------------------------------------------------

With the colonization of dry land and evolution of terrestrial life, conservation, rather than elimination of water became the main challenge for the maintenance of water homeostasis \[[@pgen.1007618.ref042]\]. Despite the differences in the organization of the endocrine systems, the main principles of fluid homeostasis are the same in vertebrates and invertebrates; these include thirst, compensation for the feeding-induced increase in osmolarity by water intake, and water re-absorption by the excretory systems \[[@pgen.1007618.ref001], [@pgen.1007618.ref009], [@pgen.1007618.ref010], [@pgen.1007618.ref042]\]. In humans, water homeostasis is regulated primarily by an osmostat located in the hypothalamus \[[@pgen.1007618.ref043]\]. This osmostat increases water levels by triggering thirst, and reduces the water loss by inducing release of the anti-diuretic hormone vasopressin \[[@pgen.1007618.ref043]\]. In addition to the regulation by osmolarity, thirst is also induced by the changes in the blood volume both via vasopressin \[[@pgen.1007618.ref044], [@pgen.1007618.ref045]\] and the renin-angiotensin system \[[@pgen.1007618.ref042], [@pgen.1007618.ref046]\]. Even though thirst and water retention are physiologically coupled, their regulation occurs independently \[[@pgen.1007618.ref043], [@pgen.1007618.ref047]\]. We show here that these regulations are simplified in *Drosophila*, where the same hormone promotes thirst, reduces appetite, and increases water storage. Thus, *ITP* acts as a functional analog of both vasopressin and renin-angiotensin. Interestingly, like the vasopressin \[[@pgen.1007618.ref044], [@pgen.1007618.ref045]\] and renin-angiotensin system \[[@pgen.1007618.ref042], [@pgen.1007618.ref046]\], also *ITP* is regulated by body water content.

Over-expression of *ITP* increases water content by 4.5%, whereas RNAi dehydrates the fly by 3.3%. The physiological consequences of such mild changes of water levels are not known in *Drosophila*, but for comparison, in human patients, loss of as little as 2% water significantly impairs cognitive abilities \[[@pgen.1007618.ref048]\], and liquid overload and hypervolemia represent harmful conditions as well \[[@pgen.1007618.ref049]\].

Our findings show that knockdown of *ITP* leads to increased water excretion similar to human disorders caused by defective water re-absorbance in kidney, such as diabetes insipidus \[[@pgen.1007618.ref043], [@pgen.1007618.ref050]\]. Conversely, *ITP* over-expression results in increased water retention reminiscent of the human syndrome of inappropriate anti-diuretic hormone secretion (SIADH) \[[@pgen.1007618.ref043]\]. *ITP* manipulations may thus become useful tools to induce and study pathologies associated with these human disorders in *Drosophila*.

Role of *ITP* in drinking {#sec011}
-------------------------

ITP is the first identified hormone that regulates drinking in *Drosophila*. Thus, it acts as a functional analog of the renin-angiotensin system of mammals. Similar to the renin-angiotensin system, *ITP* is most likely activated by hypovolemia. The neural circuits that control drinking and are regulated by ITP, however, remain to be investigated. Neurons that repress drinking in *Drosophila* have already been identified in the suboesophageal zone \[[@pgen.1007618.ref022]\]. These neurons are regulated cell autonomously by an ion channel that senses osmolarity \[[@pgen.1007618.ref022]\]. *ITP-*knockdown flies do not have the drive to drink despite their state of dehydration, whereas *ITP* over-expressing flies drink despite their excessive water content. Thus, unlike the Nanchung-expressing repressors of drinking \[[@pgen.1007618.ref022]\], the ITP-regulated neurons are not regulated by the volume of body water, but rather by ITP itself.

Role of *ITP* in excretion {#sec012}
--------------------------

In insects, primary urine is produced by the Malpighian tubules that are functional analogs of mammalian kidneys \[[@pgen.1007618.ref009]\]. Water enters the lumen of these tubules by passive diffusion along the ionic gradient maintained by the vacuolar V-H^+^-ATPase \[[@pgen.1007618.ref009]\]. The function of the Malpighian tubules is hormonally regulated by diuretic hormones \[[@pgen.1007618.ref009]\], which in *Drosophila* include products of the genes *capa* \[[@pgen.1007618.ref013], [@pgen.1007618.ref051]\], *DH31* \[[@pgen.1007618.ref052]\], *DH44* and *leucokinin* \[[@pgen.1007618.ref014]\]. Urine then enters the hindgut, where it mixes with the gut contents. Importantly, considerable parts of the water and ions are subsequently re-absorbed in the ileum and rectum \[[@pgen.1007618.ref009], [@pgen.1007618.ref032], [@pgen.1007618.ref053]\]. Here, we show that *ITP* reduces excretion of water by reducing the defection rate. Thus, it is likely that *Drosophila ITP* promotes water reabsorption in the hindgut similar to its homologs in the desert locust *Schistocerca gregaria* \[[@pgen.1007618.ref031], [@pgen.1007618.ref032]\] or in the European green crab *Carcinus maenas* \[[@pgen.1007618.ref034]\]. It is noteworthy that *ITP*-expressing neurons in the abdominal ganglia innervate *Drosophila* hindgut \[[@pgen.1007618.ref029]\], suggesting that in addition to the hormonal regulation \[[@pgen.1007618.ref029]\], the hindgut may also be regulated by ITP in a paracrine fashion. In crabs and in the red flour beetle *Tribolium castaneum¸* CHH- or ITP*-*producing endocrine cells, respectively, have even been detected in gut epithelia \[[@pgen.1007618.ref034], [@pgen.1007618.ref054]\]. Thus, whether produced in the neurosecretory cells or in the endocrine cells of the gut, the actions of CHHs and ITPs on the hindgut appear to be evolutionarily conserved.

Role of *ITP* in feeding {#sec013}
------------------------

In mammals, an increase in osmolarity due to food intake results in postprandial thirst, and conversely, dehydration inhibits feeding when water is not available \[[@pgen.1007618.ref055]\] and this is likely also the case in *Drosophila*. Our findings of the *ITP*-driven positive regulation of water intake, concomitant with a negative regulation of feeding likely represents another level of regulation of thirst and hunger, acting in parallel to that of the four drink-repressing neurons in the suboesophageal zone \[[@pgen.1007618.ref022]\].

Roles of *ITP* under desiccation and osmotic stress {#sec014}
---------------------------------------------------

Whereas many terrestrial arthropods frequently experience arid conditions, salt stress is not very common in non-blood feeding terrestrial insects. Nevertheless, desiccation and salt stress resistance have been traditional tests in the studies of *Drosophila* diuretic hormones. RNAi against diuretic hormones increases desiccation resistance, as shown for *capa* \[[@pgen.1007618.ref013]\], *DH44* \[[@pgen.1007618.ref014]\] and *leucokinin* \[[@pgen.1007618.ref012]\] genes. However, it remains unclear whether these hormones contribute to the natural response to the desiccation and osmotic stress. For example, desiccation does not change expression of diuretic hormones *DH44* and *leucokinin* \[[@pgen.1007618.ref014]\]. In contrast, *ITP* seems to be a natural component of the desiccation and osmotic stress responses, since both stressors trigger an increase in *ITP* expression. The role of ITP in thirst, hunger and excretion suggest that the ITP-regulated changes in behavior and physiology represent natural responses to cope with the reduction of body water. Consistently, knockdown of *ITP* reduces survival under desiccation and osmotic stress. However, it is unclear why over-expression of *ITP* reduces resistance to desiccation and osmotic stress. The UAS-GAL4 based manipulations may increase ITP levels far beyond the physiological range, which---although not lethal under standard feeding---might reduce survival under stressful conditions. Given the role of ITP in the ion transport across the hindgut epithelia of locusts \[[@pgen.1007618.ref031], [@pgen.1007618.ref032]\], it is tempting to speculate that a similar mechanism exists in *Drosophila*. In such a scenario, the non-physiological doses of ITP might considerably increase osmolarity of hemolymph. This would be toxic when feeding on a food medium with a high salt content, as well as under desiccation conditions (which further increase osmolarity).

Possible pleiotropic actions of *ITP*, further unresolved questions and future directions {#sec015}
-----------------------------------------------------------------------------------------

Although *ITP* has been known for a long time \[[@pgen.1007618.ref056]\], its function has remained enigmatic in *Drosophila*. Our pioneering work on its roles in *Drosophila* physiology suggests that *ITP* codes for a master regulator of water balance, which also integrates the water homeostasis with energy metabolism. Thus, our study not only shows that this member of the CHH family has an evolutionarily conserved anti-diuretic role in *Drosophila* as it has in other arthropods \[[@pgen.1007618.ref034]\], but also reveals novel functions of this peptide family in food and water intake. It remains to be investigated to what extent these roles are conserved in other insect species or even in crustaceans, but the strong evolutionary conservation of the gene structure \[[@pgen.1007618.ref030]\] suggests that this might be the case. It is possible that the fly *ITP* regulates, in addition to its here-described role in water balance, other processes that are known to be CHH-regulated in crustaceans \[[@pgen.1007618.ref034]\]. For example, the high developmental lethality of *ITP* RNAi, together with the previously described lethality of *ITP* mutants \[[@pgen.1007618.ref035]\] imply that *Drosophila ITP* plays a critical role during development, perhaps analogous to the role of CHHs in crustacean molting \[[@pgen.1007618.ref034]\].

Although identification of the cellular sources of ITP that are responsible for the here-described functions of this hormone was beyond the scope of this manuscript, the expression pattern of the gene already provides some tempting hints. Previous in situ-hybridizations and immunohistochemistry experiments based on a locust anti-ITP antibody showed that *Drosophila ITP* is expressed in several neuronal types \[[@pgen.1007618.ref028], [@pgen.1007618.ref029]\]. Here, using an antibody specific to *Drosophila* ITP, we confirmed that these cells include ipc-1 and ipc-2a neurosecretory neurons in the brain, ipc-3 and ipc-4 interneurons, three pairs of iag cells in the abdominal ganglia, and the LBD neurons in abdominal segments A7 and A8. As described previously \[[@pgen.1007618.ref028], [@pgen.1007618.ref029]\], although ITP is expressed in several interneurons, the most prominent cells of the brain that express ITP are the neurosecretory protocerebral ipc-1 and the ipc-2a neurons, which send axons towards neurohemal release sites in the corpora cardiaca, corpora allata, and aorta. Our experiments based on the *Impl2* driver showed that a proper response to desiccation and osmotic stress requires production of ITP in the ipc-1 neurons, ipc-2a neurons, or LBD neurons, or in their combination. The ITP production in these cells becomes nevertheless critical only under desiccation and osmotic stress. In contrast to the global manipulations, *ITPi* targeted to these neurons is not sufficient to impair water balance under standard conditions. Thus, water content is regulated either via ITP produced by cells outside of the *Impl2* expression pattern, or the ITP-producing neurons are redundant in their ability to produce sufficient ITP to maintain water homeostasis under standard conditions. Altogether, additional cell type-specific manipulations are required to differentiate whether thirst, excretion and food intake are regulated by specific neurons, or whether different ITP-producing neurosecretory cells act redundantly to produce sufficient amount of the hormone to regulate physiology of the fly.

Another key step towards understanding the ITP actions is the identification of the hitherto unknown *Drosophila* ITP receptor. This will facilitate cell- and tissue-specific manipulations to unravel the neural circuit(s) responsible for the roles of ITP in the control of thirst and hunger, and allow more detailed studies of the peripheral roles of ITP in defecation and water excretion.

Materials & methods {#sec016}
===================

Fly lines and husbandry {#sec017}
-----------------------

Flies were reared under a 12 h light--12 h dark cycle on a standard *Drosophila* medium consisting of 6 g agar, 50 g yeast, 100 g sugar, 5.43 mL propionic acid, and 1.3 g methyl 4-hydroxybenzoate per 1 L of medium. Adult flies were collected within 24 h after eclosion, flipped on fresh media, and housed in groups of around 50 females + 50 males per vial. Flies for the TARGET experiments developed at 18°C and on the third day after eclosion were transferred to 29°C for the RNAi induction. Flies for the GeneSwitch experiments developed at 25°C on standard medium, and were kept from the third day after adult eclosion on a standard medium supplemented with RU-486 and reared further at 25°C. All GeneSwitch experiments were conducted with 0 and 200 μM RU-486, and experiments described in [Fig 2F and 2G](#pgen.1007618.g002){ref-type="fig"} were performed also with 50 μM RU-486. After the switch induction, both TARGET and GeneSwitch flies were flipped every second day onto fresh media. If not stated otherwise, male flies were used for experiments 6--7 days after the induction of the transgene expression. Controls for the non-GeneSwitch experiments were generated by crossing the *UAS* and *GAL4* lines to the *w*^*1118*^ strain. Experiments on the desiccation and osmotic stress--induced changes in the *ITP* expression were performed on the *w*^*1118*^ strain. The list of used fly stocks is available in the [S1 File](#pgen.1007618.s016){ref-type="supplementary-material"}.

Viability determination {#sec018}
-----------------------

Viability was expressed as egg-to-adult survival, i.e. as the percentage of eggs that gave rise to adult flies. Three independent egg collections (each at least 120 eggs) were tested for each genotype. Eggs were counted, allowed to develop at 25°C at 12 h light/12 h dark cycle on standard medium, and eclosed flies were collected and counted.

Water content measurements {#sec019}
--------------------------

Water content was expressed as percentage of fresh body weight. Flies were weighed using a Mettler MT5 analytical microbalance (Mettler Toledo). Fresh weight was determined, then flies were desiccated for 2 days at 65°C and weighed again. The amount of water was calculated as the difference between the fresh and the dry weight, and expressed as % of the fresh body weight. At least 5 replicates (each consisting of 5 flies) were tested per treatment / genotype.

Desiccation resistance assay {#sec020}
----------------------------

Desiccation resistance was estimated as survival of flies in empty vials without any water source. Experiments were done in 3--4 replicates. TARGET-based experiments took place at 29°C, GeneSwitch-based experiments took place at 25°C.

Osmotic stress assay {#sec021}
--------------------

Osmotic stress resistance was determined as survival of flies on food medium containing 4% NaCl. Experiments were done in triplicates. TARGET-based experiments took place at 29°C, GeneSwitch-based experiments took place at 25°C. The food contained the same concentration of RU-486 (200 μM) or ethanol vehicle control as during the pre-feeding period.

Food intake measurement by capillary feeding assay (CAFE) {#sec022}
---------------------------------------------------------

The volume of ingested food was measured by a modification of the CAFE assay \[[@pgen.1007618.ref040]\] in a feeder device constructed out of 24-well-plates, similar to the one described before \[[@pgen.1007618.ref041]\]. Capillaries with food (Hirschmann minicaps, 5μ) were exchanged daily. Food intake of at least 15 animals per treatment was measured during 3 days, and corrected for the evaporation rate. The liquid food contained the same concentration of RU-486 (200 μM) or ethanol vehicle control as during the pre-feeding period.

Measurement of hunger as the propensity to start feeding {#sec023}
--------------------------------------------------------

Flies were transferred into a vial with a drop (approximately 0.2 mL) of food medium containing 0.5% Brilliant Blue (Sigma), and the proportion of flies that started feeding (blue dye was observable in their body after inspection under a stereomicroscope) was counted 1 h, 1.5 h and 3 h after the transfer. Flies were separated into the tested groups 1 day before the experiment to avoid potential interference of CO~2~ anesthesia with the food intake. Each time point was tested in 4 replicates, each consisting of at least 16 flies.

Measurement of the speed of the food transit throughout the digestive tract {#sec024}
---------------------------------------------------------------------------

Flies were transferred into vials with a drop (approximately 0.2 mL) of food medium containing 0.5% Brilliant Blue (Sigma) and allowed to feed continuously. The cumulative numbers of feces that contained the blue dye were counted in the vial every hour, until 6 h after the switch to the blue-dyed medium. Feces were counted in three replicates, each vial containing 20 flies. For testing the statistical significance by two-way ANOVA, the number of new feces that were deposited within the given period was used.

Measurement of the excretion rate at equilibrium {#sec025}
------------------------------------------------

Excretion rate was measured as the number of defecation events (number of feces) per fly per hour. Flies were fed for 48 h on standard food (with or without RU-486) with 0.5% Brilliant Blue (Sigma). Flies were subsequently transferred into a new vial with a small drop of colored food, and the number of feces produced per fly per vial was counted. Experiments were performed in three replicates, each consisting of 20 flies.

Analysis of the size and color intensity of the feces {#sec026}
-----------------------------------------------------

Flies were fed for 48 h on standard food (with or without RU-486) with 0.5% Brilliant Blue (Sigma). Subsequently, a new transparent plastic lid was put on top of the vials, and feces collected on this lid within 2.5 h and were photographed using Leica WILD M32 stereomicroscope with Leica DFC290 camera. The area and lightness were measured using the T.U.R.D. software \[[@pgen.1007618.ref057]\].

Measurement of thirst / propensity to start drinking {#sec027}
----------------------------------------------------

Flies were separated into tested groups 1 day before the experiment to avoid potential effect of CO~2~ exposure on the water intake. Flies were transferred into vials containing approximately 2 mL of the water-deprived food, and after 30 min into new vials with 2 mL of the water-deprived food and a 0.2 mL of a water-rich agar droplet (0.6% agarose, 0.5% Brilliant Blue) and allowed to eat and drink. Flies that started to drink were identified based on the blue color in their abdomina after inspection under a stereomicroscope. The proportion of flies that started to drink was checked 1 h, 1.5 h and 3 h after transferring flies to the water source. Experiments were done in triplicates, and at each time point, at least 42 flies were tested. Water-deprived food medium contained 75% less water and agar than the standard medium, consisting of: 0.6 g agar, 20 g yeast, 40 g sugar, 0.54 mL propionic acid, 0.13 g methyl 4-hydroxybenzoate and 1 mL of 20 mM RU-486 or ethanol per 100 mL of medium.

Measurement of water intake by capillary drinking assay {#sec028}
-------------------------------------------------------

The capillary drinking assay was performed in a device similar to the CAFE assay feeder, with the following modifications: the bottom of each chamber contained approximately 0.8 mL of water-deprived food with 200 μM RU-486 or ethanol as a vehicle control. Water-deprived food medium contained 75% less water and agar than the standard medium, as described above. Flies were allowed to drink water from the capillaries. To make the measurements of the ingested water easier, water was colored with 0.05% Brilliant Blue (Sigma). The volume of ingested water was measured over one day, and corrected for the evaporation rate. At least 18 flies were tested for each genetic manipulation.

Immunohistochemistry {#sec029}
--------------------

Adult flies were dissected in ice-cold *Drosophila* Ca^2+^ free saline. After removing wings and legs, brain-thoracic/abdominal ganglia complexes were quickly excised from head and thorax. All preparations were fixed overnight in Zamboni\'s fixative overnight at room temperature, washed and treated as described in detail earlier \[[@pgen.1007618.ref029]\]. The only modifications concerned the use of two different primary and secondary antibodies always at the same time of incubations. Primary antibodies were a polyclonal rabbit anti-DrmITP diluted 1:10,000 \[[@pgen.1007618.ref033]\] and a monoclonal mouse anti-GFP (against Jelly fish GFP; Invitrogen) diluted 1:1,000. Secondary antibodies were goat anti-rabbit Alexa 546 and goat anti-mouse Alexa 488, respectively (Invitrogen), both diluted 1:1,000. Preparations were imaged with a Zeiss LSM 780 confocal microscope by use of 10× or 20× objectives. Confocal images were processed with Zeiss ZEN software, version 8.1 2012, for maximum intensity projections of z-stacks. Brightness and contrast was adjusted using Corel Photopaint X7 during plate-mounting using Corel Draw X7.

Quantitative PCR (qPCR) {#sec030}
-----------------------

RNA was extracted using the Zymo Research QuickRNA MicroPrep kit according to the manufacturer's instructions. cDNA was synthesized by the QuantiTect Reverse Transcription Kit (Qiagen) using 1 μg of the total RNA. Quantitative real-time PCR was performed using SensiFAST SYBR Hi-ROX Kit (Bioline) and StepOne Real-Time PCR System (Applied Biosystems). Expression levels were normalized to Actin 5C (Act5C). Information on the primers is available in the [S1 File](#pgen.1007618.s016){ref-type="supplementary-material"}.

Statistical analyses {#sec031}
--------------------

Measurement variables were analyzed by two-tailed Student's *t-*test, one-way or two-way ANOVA. Nominal variables were analyzed by two-tailed Fischer's exact test. Survival data were analyzed by log-rank test. *P* values are indicated by asterisk symbols (\* *P* \< 0.05, \*\* *P* \< 0.01, \*\*\* *P* \< 0.001). Error bars represent SEM. Data on the measurement variables were analyzed using Excel or PAST \[[@pgen.1007618.ref058]\]: <http://palaeo-electronica.org/2001_1/past/issue1_01.htm>. Survival data were analyzed using PAST. Data on nominal variables were analyzed by Graphpad QuickCalcs (<https://www.graphpad.com/quickcalcs/>).

Supporting information {#sec032}
======================

###### RU-486 compound does not affect water balance.

Water content of the *w*^*1118*^ strain reared for one week on food enriched with 200 μM RU-486 does not differ from the controls reared with the carrier (ethanol). Two-tailed Student's *t* test: *P* \> 0.05.

(TIF)

###### 

Click here for additional data file.

###### Alternative *ITPi* line confirms the anti-diuretic effect of ITP.

*ITPi* driven by an alternative RNAi strain (VDRC \#43848) with a differential target region recapitulates the decrease in the proportion of body water observed with the *ITPi* line VDRC\#330029 (see [Fig 1F](#pgen.1007618.g001){ref-type="fig"}). Two-tailed Student's *t*--test: *P* \< 0.05.

(TIF)

###### 

Click here for additional data file.

###### ITP acts as an anti-diuretic hormone also in females.

\(A\) Over-expression of *ITP* increases proportion of body water. Two-tailed Student's *t*--test: *P* \< 0.001. (B) *ITPi* decreases the proportion of body water. Two-tailed Student's *t*--test: *P* \< 0.01.

(TIF)

###### 

Click here for additional data file.

###### Genetic manipulations of *ITP* expression reduce desiccation survival also in females.

\(A\) Over-expression of *ITP* decreases desiccation resistance. Log-rank test: *P* \< 0.001. Sample size: *daGS\>ITP* off n = 60; *daGS\>ITP* on n = 60. (B) *ITP* RNAi decreases survival during desiccation. Log-rank test: *P* \< 0.05. Sample size: *daGS\>ITPi* off n = 60; *daGS\>ITPi* on n = 45.

(TIF)

###### 

Click here for additional data file.

###### Schematic drawing of the expression pattern of *Impl2\>GAL4*, *ITP*, and of their overlap.

\(A\) Schematic drawing of the expression pattern of the *Impl2* driver (green), which covers the ipc-1 and ipc-2a cells, insulin-producing neurosecretory cells (IPCs), hugin cells (hc), cells of corpora cardiaca, some neurons in the abdominal ganglia, and the LBD neurons at the border of the dorsal abdominal segments A7/A8 next to the heart. Note that some of the *Impl2\>GFP* cells in the brain and the abdominal ganglia are shown in partially reduced number for clarity and not to scale, including IPCs (around 14 cells), hugin cells (22), and adipokinetic hormone producing cells in corpora cardiaca (\>8). (B) Schematic drawing of the ITP producing cells. ITP-expressing neurons that are covered by the *Impl2* driver are depicted in yellow (ipc-1 cells, ipc-2a cells and LBD neurons). Cells that express *ITP* but not *Impl2* are depicted in magenta (ipc-2, ipc-3 and ipc-4 brain neurons and the iag-cells in the abdominal ganglia).

(TIF)

###### 

Click here for additional data file.

###### Genetic manipulations of *ITP* by the *Impl2*- based TARGET in females recapitulates the effects of the same genetic manipulations in males.

\(A\) *ITPi* driven by the *Impl2*-based TARGET does not affect the proportion of body water. Two-tailed Student's *t*--test: *P* \> 0.05 for both comparisons with controls. (B) *ITPi* driven by the *Impl2*-based TARGET reduces survival under desiccation. Log-rank test: *P* \< 0.001 for both comparisons with controls. Sample size: *tub-GAL80*^*ts*^*; Impl2-GAL4* n = 67; *ITPi* n = 66; *tub-GAL80*^*ts*^*; Impl2-GAL4\>ITPi* n = 63.

(TIF)

###### 

Click here for additional data file.

###### Alternative *ITPi* line confirms the anorexigenic effect of ITP.

*ITPi* driven by an alternative RNAi strain (VDRC \#43848) with a differential target region recapitulates the increase in food intake observed with the *ITPi* line VDRC\#330029 (see [Fig 4F](#pgen.1007618.g004){ref-type="fig"}). Two-tailed Student's *t*--test: *P* \< 0.05.

(TIF)

###### 

Click here for additional data file.

###### Alternative *ITPi* line confirms the role of ITP in the speed of transit through the digestive tract.

*ITPi* driven by an alternative RNAi strain (VDRC \#43848) with a differential target region recapitulates the increase in the defecation rate observed with the *ITPi* line VDRC\#330029 (see [Fig 5C](#pgen.1007618.g005){ref-type="fig"}). Two-way ANOVA, *ITP* and time as fixed factors; effect of *ITPi P* \< 0.01, effect of time: *P* \< 0.001.

(TIF)

###### 

Click here for additional data file.

###### Genetic manipulations of *ITP* do not lead to statistically significant changes in the color intensity / lightness of the feces.

\(A\) Over-expression of *ITP* does not affect the lightness of feces. Two-tailed Student's *t*--test: *P* \> 0.05. (B) *ITPi* does not affect the lightness of feces. Two-tailed Student's *t*--test: *P* \> 0.05. In both (A) and (B), the measured lightness was normalized to the lightness of the controls.

(TIF)

###### 

Click here for additional data file.

###### Alternative *ITPi* line confirms the role of ITP in the regulation of thirst.

*ITPi* driven by an alternative RNAi strain (VDRC \#43848) with a differential target region recapitulates the decrease in the water intake observed with the *ITPi* line VDRC\#330029 (see [Fig 4F](#pgen.1007618.g004){ref-type="fig"}). Two-tailed Student's *t*--test: *P* \< 0.05.

(TIF)

###### 

Click here for additional data file.

###### Additional statistical information to the legend of the [Fig 3E](#pgen.1007618.g003){ref-type="fig"}.

(TIF)

###### 

Click here for additional data file.

###### Additional statistical information to the legend of the [Fig 3G](#pgen.1007618.g003){ref-type="fig"}.

(TIF)

###### 

Click here for additional data file.

###### Additional statistical information to the legend of the [Fig 3I](#pgen.1007618.g003){ref-type="fig"}.

(TIF)

###### 

Click here for additional data file.

###### Additional statistical information to legend of the [Fig 5B](#pgen.1007618.g005){ref-type="fig"}.

(TIF)

###### 

Click here for additional data file.

###### Additional statistical information to the legend of the [Fig 5C](#pgen.1007618.g005){ref-type="fig"}.

(TIF)

###### 

Click here for additional data file.

###### List of fly stocks and primers used in the study.

(PDF)

###### 

Click here for additional data file.

###### 

(XLSX)

###### 

Click here for additional data file.
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